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Introduction
A planar actuator is an extension of a brushless linear actuator in that it is able to position in a plane instead of over a line. It can replace the use of xy-drives that consist of multiple stacked linear actuators. A challenging appli cation for these planar actuators is the wafer stage used in the semiconductor lithography. Developments in litho graphic technologies such as the use of extreme UV, re quire stages that can operate in vacuum. Therefore, the utilisation of planar actuators that have active magnetic bearings [1] , i.e. a single stage that has long-stroke ca pability in the xy-plane with the remaining four degrees magnetically borne, is being researched for these applica tions.
At Eindhoven University of Technology a moving mag net planar actuator has been realised [2] . It is named Herringbone Pattern Planar Actuator (HPPA) after its coil topology. This actuator is shown in Figure 1 . The trans lator consists of an aluminum plate and a Halbach perma nent magnet array. The translator has a size of 300 mm x 300 mm. The stator consists of 84 coreless coils in a herringbone pattern arrangement (406 mm x 400 mm).
Although the actuator can be classified as an AC syn chronous motor, the DQO-decomposition cannot be used for the decoupling of flux and current and consequently of force, torque and current. Therefore, new decoupling and commutation methods have been created and every coil is separately excited with a single phase current amplifier. It needs emphasising that the current waveforms are nonsinusoidal.
The forces and torques among the permanent magnet array on the translator and the stator coils beneath the magnet array can be acccurately modeled by an analyti cal model [3] . This harmonic model assumes an infinitely large permanent magnet array as it is based on a harmonic description of the magnetic flux density of the permanent magnets and the Lorentz force and torque calculation. In the commutation algorithm that calculates the coil cur rents [4] only the first harmonic is taken into account.
Only coils below and near the edge of the magnet array have significant contribution to the force and torque act ing on the translator. Therefore, depending on the trans lator position a limited set of coils is simultaneously ac tuated. The harmonic model based commutation method omits the coils near the edge of the translator which are in fluenced by the end effect of the magnet array (edge coils) from the commutation to prevent modeling errors. This results in a maximum of 24 coils which are active simul taneously.
This paper will deal with adding the edge coils to the commutation, while keeping it model based. Increasing the number of coils that are active will decrease the power dissipation in the coils because of a lower current density needed for levitation and propulsion of the translator. It also allows for a higher acceleration with the same max imum current. In section 2, the model based commuta tion is explained, and the method to incorporate the edge coils in the commutation is proposed and presented in de tail. Sections 3 and 4 show simulation results and mea surements that verify the anticipated results. Finally, con clusions are formulated. 
Planar commutation method
Firstly, the commutation method, based on the harmonic model, which switches smoothly among the active coil sets is presented [4] [5] . Secondly, the method for includ ing edge coils is explained, it uses a weighting based on the model error of the edge coils. Finally, the manner in which the weighting is obtained is presented.
2.1. Model based commutation The commutation that is used in the HPPA is based on a harmonic model that gives the relation between the cur rent through a coil and the wrench, the vector containing forces and torques:~[I~F~F~T~T~711T, acting on the translator depending on its relative position. The wrench contribution of coil current ij is denoted by, 
is calculated. Where z~can be an arbitrary weighting such that r~~rT remains non-singular. The currents that will render a desired wrench vector are obtained by,
The harmonic model, however, is only valid for the coils that are directly beneath the magnet array. To limit the generalised inverse to use only those coils, the weight ing A(4~) =-4~84)) is selected as a raised cosine for both directions (x andy). The weighting function 6~is shown in Figure 2 . It weights the coils that are outside the area covered by the magnet plate with zero and the coils that are correctly modeled by the harmonic model with one. It also forces the transition from active to non-active and vice versa to be smooth. This smooth transition is neces sary to avoid discontinous currents, which are not allowed for an inductive load. A lot of coils are weighted with zero and, therefore, they are omitted from the commutation. '~r and Fr are reduced forms obtained by eliminating from and F all columns and rows corresponding to zeros on the diagonal of ii This results in the commutation for the active coils,
The repeated pattern of the stator coils makes T~change periodically over the stroke, but the active coil set varies over the total stroke. Switching among the coils that are active is allowed because the commutation method has forced the use of the coils that enter and leave the active set to zero.
2.2. Adding edge coils If coils effected by the end effect of the magnet array (edge coils) are added to the active coil set, an error will occur in the commutation because the harmonic model is used. Simulation results obtained from a model which in cludes the end effects, indicate that this error is partly a multiplicative error, which is illustrated in Figure 3 . This multiplicative error can be corrected by incorperating it in the weights of the commutation. Hence, making the weights based on physics rather than an arbitrary smooth function. Now denote the relation between coil currents and the wrench based upon the harmonic model by TH and the multiplicative error for the coil currents by the diagonal edge matrix E. We can express FE, the relation between coil currents and the wrench for active coils including edge coils as, FE=T'HE.
E (4) is obtained similar to~(4), but with weighting func tion e(4) instead of 6(4). Using the same pseudo inverse to calculate the commutation as in (3) gives,
This defines the commutation of an active coil set includ ing edge coils for a desired wrench vector~des, Fdes.
By introducing a new weighting function A~= EAET, the edge effects are taken into the weighting function. The cal culation of the commutation with correction for the edge (4) effects becomes similar to (3). This gives,
resulting in the relation, EF~~des.
(10)
The weighting E, FE and F~can be reduced similar to tSr, Fr andT~. 2.3. Fitting a function to the multiplicative error Only a part of the model error can be seen as a multi plicative error separable in x and y. Moreover, this mul tiplicative model error is different for each component iñ (4) . By correcting for the model error in the weighting of the generalised inverse (A*) all wrench components per coil are weighted equally. Therefore, the weighting E is fitted using an average direction independent measure.
The measurements of the contribution of one coil to the wrench vector acting on the translator are not accu (5) rate enough for making a fit of the multiplicative error. Therefore, the fit is made on data obtained from simula tions. The simulations are performed with a model which approximates the magnetic field of the magnet array by modeling all the individual permanent magnets as mag netic surface charges and obtaines the wrench contribution from the Lorentz forces acting on the coil. This model is presented in detail in [3] . Simulations over the full xy stroke are given in [61.
To limit the number of parameters that have to be fitted, the weight function e(4) is chosen as a raised cosine filter, the length of the roll-off, L~and the length of the pass band, 2L~are both used as optimisation variables, Where~is the jth component of the wrench vector per unit current obtained from simulations by the charge model,~is obtained in a similar way from the harmonic model and eL~,L~denotes the weighting with parameters L~and L~. One can see the criterion is weighted by eL~,,,LP that is fitted. This is because the more a current is pe nalised the less it is present in the commutation. There fore, its error does not contribute as much as a less pe nalised current.
The optimisation is performed over discrete grid points. Therefore, c1(~) can be represented in a matrix as, [Cj] Choosing a different or higher order function shape (which can better fit the error at the edge) decreases the error, but increases the computation time of the real-time con trol system and, hence, limits the sample-time.
Optimisation over the criterion in (14) gives L~= 106.9
and L~= 60.3. Figure 4 depicts this weighting function. Extending the commutation to include all coils that con tribute to the wrench introduces errors, due to previously stated issues with incorporating the modeling error in the weighting of the commutation. By choosing A smaller than E, the model error is decreased because the amount of coils effected by the edge effect that are added to the active coils set is smaller. The selection of A is an engi neering process where a compromise has to be found be tween the amount of model error that is allowed by elon gating A and the decrease in dissipation and maximum coil current that is desired. Current implementation uses a A that has the same function form given in (11), but has dif ferent parameter values,~LEp and LAw = 17 mm. Increasing the length of A will result in a lower power (13) dissipation, but will also increase the error in the com mutation. This is illustrated in Figure 5 for a cross sec tion of the full xy-stroke (y 0), for a desired wrench of [82.25 82.25 82.25 0 0 01T [N,Nm]. Three cases are shown. Firstly, the extended commutation with the multiplicative error reduction weighting E. Secondly, the commutation of the same amount of coils but without the weighting E. Thirdly, the extended commutation with weighting E, and a weighting A using LA~35 mm instead ofLA~17mm.
Simulations
The wrench can not directly be measured on the actu ator. Open-loop errors in the commutation can only be observed in simulations. These errors will influence the tracking error of the controller. The currents produced by the commutation are used in the surface charge based model of the actuator to predict the resulting wrench. Based on these simulations the length of A is determined.
The predicted coil currents are used to estimate the (14) ohmic losses of the planar actuator. In Figure 6 , simu lations for a wrench of~= [00 F2 00 01T with F2 = mg = 80.7N (m = 8.225 kg) are given over the total xy-stroke. Because the active coil set is reduced when the transla tor partly exceeds the stator edge, both simulations show a higher dissipation near the edge of the xy-range. The extended commutation has a more smooth power dissipa tion, and the highest current value over the total stroke is reduced compared to the commutation without edge coils. The mean value of the power dissipation is decreased by 23.25%. 
Measurements
Open-loop characteristics have been obtained by levitat ing the carrier at a constant position, thus having to excite a constant force in the z-direction. As the controller is an integrating controller, the tracking error will go to zero, re sulting in an almost constant controller output. The mass is known, hence, the gravitation force is also known. Com paring this force to the output of the controller for F2 gives the error in the commutation. In Figure 8 the measurement over the region indicated in Figure 7 is shown. A trend can be seen in both measurement errors, which is observed in all measurements performed on this setup, and is caused by misalignment of the measurement frame, and the actua tor. The rms value of the detrended errors in F2 are 0.397N for the improved commutation and 0.247N for the unmod ified commutation (defined in [4] ). The error variance is 
Conclusion
In this paper a model based method to include the end effects of the magnet array in the commutation of a mag netically levitated planar actuator with moving magnets has been presented. The end effects have been included in the commutation algorithm by modeling them as a multi plicative error. They have been corrected for by an extra weighting in the generalised inverse.
Simulations have confirmed the decrease in error by in cluding the end effects in the commutation algorithm. The use of more coils in the commutation shows also a sig nificant decrease in power dissipation. The measurements Figure 7 verify the error in the commutation can be supressed by the controller. Expanding the commutation with the coils at the edges of the translator will improve the actuator performance. Futhermore, it increases the feasibility region for the com mutation algorithm, allowing for a more energy efficient solution. The maximum power and the maximum coil current for a given acceleration profile will decrease and, therefore, higher accelerations can be attained with the same amplifiers. Moreover, it creates more freedom in the design of a new actuator.
